Context. Studies of the r-process enhanced stars are important for understanding the nature and origin of the r-process better.
Introduction
HE 2252−4225 was identified as a candidate metal-poor star in the Hamburg/ESO Survey (HES; see Christlieb et al. 2008 , for details of the candidate selection procedures). Moderateresolution (∆λ = 2 Å) spectroscopy obtained at the Siding Spring Observatory (SSO) 2.3 m-telescope with the Double Beam Spectrograph (DBS) confirmed its metal-poor nature. Therefore, it was included in the target list of the Hamburg/ESO R-process-Enhanced Star survey (HERES). A detailed description of the project and its aims can be found in Christlieb et al. (2004, hereafter Paper I) , and the methods of automated abundance analysis of high-resolution "snapshot" spectra are deSend offprint requests to: L. Mashonkina; e-mail: lima@inasan.ru ⋆ Based on observations collected at the European Southern Observatory, Paranal, Chile (Proposal numbers 170. D-0010, and 280.D-5011) . ⋆⋆ Table 3 is only available in electronic form at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/ scribed in Barklem et al. (2005, hereafter Paper II) . "Snapshot" spectra with a spectral resolution R ∼ 20 000 and a signal-tonoise ratio of S /N ∼ 50 per pixel at 4100 Å were used to show that HE 2252−4225 is a very metal-poor (VMP) star, with the iron abundance [Fe/H] 1 = −2.83, and it exhibits overabundances of the heavy elements produced via rapid neutron captures (rprocess), with [Eu/Fe] = +0.99 and [Ba/Fe] = +0.45 (Paper II).
The astrophysical site(s) of the r-process is still unclear. Studies of the strongly r-process enhanced and VMP stars can provide an empirical information about the origin of the heavy elements beyond the iron group in the early Galaxy. Christlieb et al. (2004) suggest referring to metal-poor stars having [Eu/Fe] = +0.3 to +1.0 and [Ba/Eu] < 0 as r-I stars. Stars with similar [Ba/Eu] abundance ratio, but higher [Eu/Fe] > +1, belong to the group of r-II stars. Among a dozen discovered r-II stars, the six stars, CS 22892-052 (Sneden et al. 1994) , CS 31082-001 (Cayrel et al. 2001) , CS 29497-004 (Paper I), HE 1219-0312 (Paper II), HE 1523-091 (Frebel et al. 2007) , and SDSS J2357-0052 (Aoki et al. 2010) , are extremely enhanced in the r-process elements, with [Eu/Fe] ≥ 1.5. Their heavy-element abundances are expected to be dominated by the influence of a single event, or at most very few r-process nucleosynthesis events.
It was established that r-II and r-I stars have a very similar heavy-element abundance pattern in the Ba-Hf region that, in turn, is consistent with a scaled solar system (SS) r-process abundance distribution (see for example Sneden et al. 2008 , Cowan et al. 2002 , Ivans et al. 2006 , Sitnova & Mashonkina 2011 , Siqueira-Mello et al. 2014 ). This suggests a universal production ratio of the second r-process peak elements during the Galaxy history. A different case is the light trans-iron elements. Observations of MP halo stars appear to infer a distinct production mechanism for Sr-Zr and heavy elements beyond Ba in the early Galaxy (Aoki et al. 2005 , François et al. 2007 , Mashonkina et al. 2007b ). Mashonkina et al. (2010) found a clear distinction in Sr/Eu abundance ratios between the r-II and r-I stars, namely, the r-II stars contain a low Sr/Eu abundance ratio at [Sr/Eu] = −0.92 ± 0.13, while the r-I stars have 0.36 dex higher Sr/Eu values.
In this paper, we investigate whether the heavy-element abundance pattern of HE 2252−4225 matches that of the extremely neutron-capture-rich r-II stars. What is the behaviour of the first r-process peak elements from Sr to Pd in HE 2252−4225? Can a nucleo-chronometric age of HE 2252−4225 be estimated from measurement of the radioactive element thorium? How can an abundance analysis of HE 2252−4225 improve our knowledge of the r-process? To answer these questions, we continue our series of papers on the HERES project and aim to revise stellar parameters and to perform detailed abundance analysis of HE 2252−4225, based on the high-quality VLT/UVES spectra and refined theoretical methods of line-formation modelling.
This paper is structured as follows. After presenting the observations in Sect. 2, we describe our determination of stellar parameters and abundance analysis of HE 2252−4225 in Sects. 3 and 4. Section 5 analyses the heavy element abundance pattern of the investigated star. An anomalously high Th abundance of HE 2252−4225 is discussed in Sect. 6. Our conclusions are presented in Sect. 7.
Observations
For the convenience of the reader, we list the coordinates and photometry of HE 2252−4225 in Table 1 . The photometry was taken from Beers et al. (2007) . High-quality spectra of this star was acquired during May-September 2005 with the VLT and UVES in dichroic mode. The BLUE390+RED580 (9 h total integration time), and BLUE437+RED860 (10 h) standard settings were employed to ensure a wide wavelength coverage. The slit width of 0.8 ′′ in both arms yielded a resolving power of R = 50 000. A 1 × 1 pixel binning ensured proper sampling of the spectra. The observations are summarised in Table 2 .
The pipeline-reduced spectra were shifted to the stellar rest frame and then co-added in an iterative procedure in which we identified pixels in the individual spectra affected by cosmic ray hits that had not been fully removed during the data reduction, or those affected by CCD defects or other artefacts. These pixels were flagged and ignored in the final iteration of the co-addition. Both sets of co-added blue spectra have S /N of at least 50 per pixel at λ > 3800 Å. At the shortest wavelengths, the S /N of the BLUE390 and BLUE437 is 10 (at 3400 Å) and 70 (at 3756 Å), respectively. The red arm spectra have S /N > 100 per pixel in most of the covered spectral range. 1 λ refers to rest frame wavelengths, 2 S /N refers to the signal-to-noise ratio per pixel.
Stellar atmosphere parameters
In Paper II, an effective temperature of T eff = 4708 ± 100 K was determined from photometry when adopting the reddening derived from the maps of Schlegel et al. (1998) . A subsequent analysis of the snapshot spectrum inferred that HE 2252−4225 is a VMP giant with the surface gravity log g = 1.53 ± 0.24, [Fe/H] = −2.83 ± 0.12 and the microturbulence velocity ξ t = 1.9 ± 0.1 km s −1 . These parameters appear to be close to those of HD 122563, which is one of the best observed halo stars, with well-determined T eff and log g. Recent measurements of the angular diameter of HD 122563 resulted in T eff = 4600±41 K (Creevey et al. 2012) . Employing the same T eff , Mashonkina et al. (2011) calculated log g = 1.60±0.07 from the HIPPARCOS parallax and [Fe/H] = −2.56 from the NLTE analysis of the Fe lines. We found that HE 2252−4225 and HD 122563 have very similar line profiles for Hα and Hβ (Fig. 1 , top panel displays only Hβ). This confirms that HE 2252−4225 is indeed cool, and its effective temperature may be only slightly higher than that of HD 122563. The high-quality spectrum of HD 122563 (R ≃ 80 000 and S/N > 200) was taken from the ESO UVESPOP survey (Bagnulo et al. 2003) .
In this study, we check T eff = 4710 K through a profile analysis of Hα and Hβ and revise the surface gravity, iron abundance, and microturbulence velocity using lines of Fe i and Fe ii. Hγ was not used due to heavy blending of the line wings. Our calculations are based on non-local thermodynamic equilibrium (NLTE) line formation for H i and Fe i-ii, employing the methods described by Mashonkina et al. (2008) and Mashonkina et al. (2011) , respectively. The coupled radiative transfer and statistical equilibrium (SE) equations were solved with a revised version of the DETAIL code (Butler & Giddings 1985) . The update was presented by Mashonkina et al. (2011) . The obtained departure coefficients were then used by the code SIU (Reetz 1991) to calculate the synthetic line profiles. When determining the stellar parameters of HE 2252−4225, we used the MARCS model structures (Gustafsson et al. 2008) 2 , which were interpolated for given T eff , log g, and [Fe/H] using a FORTRAN-based routine written by Thomas Masseron 3 .
Effective temperature
The Balmer lines were computed for a small grid of model atmospheres with common T eff = 4710 K, but varying gravity, with log g = 1.2, 1.53, 1.65, and 1.75, and metallicity, with [M/H] = −2.5, −2.66, −2.83, and −3.0. The theoretical profiles were obtained by convolving the profiles resulting from the thermal, natural, and Stark broadening (Vidal et al. 1973) , as well as selfbroadening (Barklem et al. 2000) . In the SE calculations, inelastic collisions with hydrogen atoms were accounted for using the classical Drawin rates (Drawin 1968 (Drawin , 1969 scaled by a factor of S H = 2, as recommended by Mashonkina et al. (2008 
Surface gravity, iron abundance, and microturbulence velocity
The lines employed to determine log g, [Fe/H] , and ξ t were mainly selected from the linelist produced in our previous HERES paper (Mashonkina et al. 2010, hereafter, Paper V) . They are listed in Table 3 (online material), along with transition information, references for the adopted g f -values, and the final element abundances. The LTE and NLTE abundances were calculated for the four model atmospheres, with common T eff = 4710 K and [M/H] = −2.83, but various log g = 1.20, 1.53, 1.65, and 1.75 and ξ t = 1.7, 1.9, and 2.1 km s −1 . In the atmospheres of MP stars, the main source of uncertainties in NLTE results is poorly known inelastic collisions with H i atoms. Therefore, the two sets of NLTE abundances corresponding to S H = 0.1 and S H = 1 were computed for each model. We found that the low-excitation lines (E exc < 1.2 eV) of Fe i give systematically higher abundances compared with the mean from the remaining lines, independent of either LTE or It was found that a variation of 0.2 km s −1 in ξ t led to a similar change of 0.03 dex in the derived mean abundances from Fe i and Fe ii lines, therefore, the gravity determination did not depend on the adopted value of ξ t . However, including the results for ξ t = 2.1 km s −1 produced a steep trend with observed equivalent widths, W obs , for the abundances found from individual Fe i and Fe ii lines, independent of the adopted values of log g. The least slope of the log ε Fe -W obs plot was obtained with ξ t = 1.7 km s −1 . Consistent iron abundances for the two ionisation stages were obtained with log g = 1.2 in LTE, log g = 1.35 in NLTE with S H = 1, and log g = 1.65 in NLTE with S H = 0.1. The discrepancy in LTE gravity between this study and Paper II can be explained by using different sources of g fvalues for Fe ii lines and a different list of the Fe lines in the two studies. The present results are based on recent g f -values of Meléndez & Barbuy (2009) . When choosing between S H = 1 and 0.1, we relied on an analysis of iron lines in HD 122563, where applying S H = 0.1 led to consistent NLTE abundances for Fe i and Fe ii for the gravity calculated from the HIPPARCOS parallax . Thus, log g = 1.65 was adopted as a final surface gravity of HE 2252−4225. The uncertainty in log g was estimated as 0.15 dex based on the statistical errors of the mean abundances for Fe i, log ε FeI = 4.79±0.09, and Fe ii, log ε FeII = 4.79±0.07. We refer to abundances on the usual scale, where log ε H = 12. Hereafter, the statistical error is the dispersion in the single line measurements around the mean:
We did not use the ionisation equilibrium between Ca i and Ca ii to constrain the gravity because the observed Ca ii 3933 Å and 8498 Å lines are very strong, with W obs = 5 848 mÅ and 509 mÅ, respectively, and they cannot be accurately measured due to the uncertainty in continuum normalisation. Furthermore, Ca ii 8498 Å is insensitive to surface gravity variation. The difference in abundance from Ca ii 8498 Å amounts to −0.03 dex between log g = 1.20 and 1.53, and it is smaller than 0.01 dex between log g = 1.53, 1.65, and 1.75.
The obtained parameters T eff = 4710 K, log g = 1.65, [Fe/H] = −2.66, and ξ = 1.7 km s −1 were employed to compute the final model atmosphere with the code MARCS. Enhancements of the α-elements O, Mg, Si, and Ca were adopted to be typical of galactic halo stars, with [α/Fe] = 0.4. We found that moving from the interpolated to an explicitly tailored model atmosphere does not require any revision in derived surface gravity and microturbulence velocity, and the mean NLTE abundances from lines of Fe i and Fe ii increase by a similar and small amount of 0.03 dex. With the new model atmosphere, they equal log ε FeI = 4.82±0.08 and log ε FeII = 4.82±0.07. We also checked lines of CH, Ca i, and Ba ii. For the atomic lines, the difference nowhere exceeds 0.03 dex. However, the use of the interpolated model leads to a 0.08 dex lower C abundance from the CH molecular lines. The adopted stellar parameters of HE 2252−4225 are given in Table 4 . The investigated star is, most probably, a distant object, with a spectroscopic distance of 12.6 kpc, as estimated assuming a stellar mass of 0.8 solar mass.
Abundance analysis
Our determinations of the elemental abundances are based on line-profile and equivalent-width analyses, using the codes SIU (Reetz 1991) and WIDTH9 4 (Kurucz 2005) , respectively. The SIU and WIDTH9 codes both treat continuum scattering correctly; i.e., scattering is taken into account not only in the absorption coefficient, but also in the source function.
The lines used in the abundance analysis are listed in Table 3 Table 3 (online material) provides notes that indicate whether HFS/IS was considered in a given feature, and references to the HFS/IS data used. For Mn i levels, we used magnetic dipole constants A from Table 1 in Lefèbvre et al. (2003) . The method of calculations and adopted isotope abundances were described in detail in Paper V. We ignored any lines with equivalent widths larger than 100 mÅ. Exceptions were the elements, such as strontium, for which only strong lines can be detected in HE 2252−4225.
Owing to the high-quality and broad wavelength coverage of the spectra used in this study, we derived the abundance of 38 elements from C to Th in HE 2252−4225 and, for 22 elements of them, in the nuclear charge range between Z = 38 and 90. The oxygen, copper, and hafnium abundances could not be determined from the available observed spectrum. We were unsuccessful in obtaining abundances for Rh and Pd, because the strongest lines of these elements, Rh i 3434 Å and Pd i 3404 Å, could not be extracted from the noise in the S /N ≃ 15 observed spectrum of HE 2252−4225. The element abundances obtained from individual lines are listed in Table 3 (online material). For each feature, we provide the LTE abundance and, for selected species, also the NLTE abundance. Table 5 presents the mean abundances, the number of used lines, N lines , and σ log ε , where N lines > 1. We also list the solar photosphere abundances, log ε ⊙ , adopted from Lodders et al. (2009) , and the abundances relative . Quantum-mechanical rate coefficients from Barklem et al. (2010) and Barklem et al. (2012) were applied for Na+H and Mg+H collisions, respectively. For the remaining NLTE species, collisions with H i atoms were computed with the Drawinian rates (Drawin 1968 (Drawin , 1969 scaled by a factor of S H = 0.1. An exception is Sr ii and Ba ii, for which S H = 0.01 was adopted, as recommended by Mashonkina & Gehren (2001) .
We calculated that the NLTE abundances derived from the Na i 5890 and 5896 Å lines are −0.44 dex lower than the corresponding LTE values. In contrast, the NLTE abundance correction, ∆ NLTE = log ε NLTE − log ε LTE , is positive for lines of Mg i, Al i, and Ca i. For Ca i, ∆ NLTE = 0.24 dex, on average. The departures from LTE are small for Mg i 4703 and 5528 Å, with ∆ NLTE = 0.03 and 0.01 dex, respectively. A small negative correction of ∆ NLTE = −0.02 dex was calculated for Si i 3905 Å.
Evidence of notable departures from LTE was obtained for Ti i, Cr i, Mn i, Co i, and Ni i. Each of the corresponding elements is observed in HE 2252−4225 for two ionisation stages, and the LTE abundance derived from lines of the neutrals is lower than that for the first ions with the following differences:
This can be understood as follows. Similar to Fe i, the listed neutrals are the minority species in the atmosphere of HE 2252−4225, and they are expected to be subject to ultraviolet overionisation resulting in weakened spectral lines compared with their LTE strengths, while the departures from LTE should be minor for the first ions, which are the majority species. For titanium, the difference in LTE abundances is largely removed, when applying the NLTE abundance corrections of 0.31 dex and 0.01 dex for Ti i and Ti ii, respectively, as computed by Bergemann (2011) for the stellar parameters, T eff = 4600 K, log g = 1.6, and [Fe/H] = −2.5, close to those of HE 2252−4225. We note that the calculated NLTE effects for Ti i-ii and Fe iii are similar. In this study, we obtained ∆ NLTE = 0.26 dex for Fe i and 0.00 for Fe ii. However, significantly larger NLTE corrections of 0.44 dex and 0.64 dex were computed for Mn i (Bergemann & Gehren 2008) and Co i , respectively, using the same model, 4600/1.6/−2.5. Applying these corrections would lead to NLTE abundances that are too high for lines of neutral Mn and Co in HE 2252−4225 compared with those for their first ions. Here, we took into consideration that ∆ NLTE = 0.07 dex for Co ii and assumed that ∆ NLTE < 0.1 dex for Mn ii. For Cr iii, the NLTE calculations were performed for the MP dwarf stars ( 2005). We assume that the departures from LTE for the second zinc line, Zn i 4722 Å, are as small, as is the case for Zn i 4810 Å. The NLTE effects for the heavy elements beyond the Fe group are discussed in Sect. 4.3. In this study, we did not consider the influence of the 3D effects on the derived element abundances, although we took care to minimise such an influence, where possible, for example by removing low-excitation lines of Fe i and Mn i. Using the 3D hydrodynamic model atmosphere of VMP cool giant 5020/2.5/−3, Dobrovolskas et al. (2013) predicted that the (3D-1D) abundance corrections are negative and large in absolute value of up to −0.6 to −0.75 dex for the lines arising from the ground state of the minority species, such as Mg i, Ti i, and Ni i, but they decrease rapidly towards higher excitation energy of the lower level and do not exceed −0.2 dex, when E exc = 2 eV. We did not determine such a large discrepancy between the E exc < 0.2 and E exc > 2 eV lines for Mg i and Ni i (Table 3 , online material). In contrast to the predictions, the measured difference in 1D-LTE abundances (Ti i -Ti ii) is negative, but not positive, and it is fully removed, when applying the 1D-NLTE abundance corrections. These results may cast a shadow of doubt on 3D calculations. However, our interpretation is that one cannot simply add 1D-NLTE and 3D-LTE results when both NLTE and 3D effects are significant. This is exactly the case in HE 2252−4225.
The heavy elements beyond the Fe group are mostly observed in HE 2252−4225 for their majority species, such as Ba ii and Eu ii, and in the low-excitation lines. Dobrovolskas et al. (2013) predicted that the (3D-1D) corrections for the E exc = 0 lines of Ba ii and Eu ii are small and very similar in magnitude, −0.05 dex and −0.04 dex, respectively.
We comment below on abundances of individual groups of elements. The sample of cool giants from Cayrel et al. (2004 was chosen as our comparison sample.
Lithium to zinc
Lithium. As expected for a red giant, HE 2252−4225 has a very low abundance of Li. The central depth of the Li i 6708 Å line is about 1 % in the S /N ≃ 100 observed spectrum, and only an upper limit of log ε Li = −0.1 was estimated.
Carbon and nitrogen. The C abundances obtained from CH lines in the regions 4310-4314 Å and 4362-4367 Å are consistent with each other to within 0.03 dex (see Table 3 , online material). The mean abundance is [C/Fe] = −0.61, which is similar to those of the giants with T eff < 4800 K from the sample of Cayrel2004. Such a low [C/Fe] ratio in the cool giants is likely due to mixing, which has brought processed material to the surface from deep layers, where C is converted into N. This explains a factor of 2 higher N/C ratio in HE 2252−4225 compared with the solar value. The abundance of nitrogen could only be determined from the NH line at 3416.64 Å. We checked the spectral region around 3416.64 Å in the solar spectrum (Kurucz et al. 1984 ) and fitted it with g f -value of the NH line that had been reduced by −0.4 dex compared with what was calculated by Kurucz (1993) . With this correction, we derived the relative abundance [N/Fe] = −0.32. It is worth noting that several papers applied "solar oscillator strengths" of the NH molecular lines, where Kurucz (1993) log g f -values were reduced by a factor of 0.807 dex (Hill et al. 2002) , 0.4 dex (Aoki et al. 2006 , Hayek et al. 2009 , Mashonkina et al. 2010 , and 0.3 dex (Shavrina et al. 1996 , Johnson et al. 2007 . Andrievsky et al. (2010) and Spite et al. (2012) for the Cayrel2004 stellar sample when taking departures from LTE for Mg i and Ca i into account. The reason, most probably, is the use of different methods for determining surface gravity and iron abundance in Cayrel et al. (2004) and this paper. This is illustrated well by the results for HD 122563, which was included in the Cayrel2004 sample and which was also investigated in our earlier papers applying the same methods as in this study. The absolute NLTE abundances of HD 122563 for magnesium, log ε Mg = 5.36, and cal-cium, log ε Ca = 4.04, as determined by Mashonkina et al. (2008) , are similar to log ε Mg = 5.39 from Andrievsky et al. (2010) and log ε Ca = 3.97 from Spite et al. (2012) . However, very different iron abundances of HD 122563 were determined in different studies. With T eff = 4600 K, Cayrel et al. (2004) Mashonkina et al. (2011) have shown that NLTE leads to consistent iron abundances for the two ionisation stages, with [Fe/H] = −2.56, when employing log g = 1.60 based on the updated HIPPARCOS parallax of HD 122563. It is worth noting that all three VMP giants with NLTE based gravity, metallicity, and element abundances available, i.e. HD 122563 , HE 2327−5642 (Mashonkina et al. 2010 We could not make the source(s) of the discrepancy clear. Andrievsky et al. (2008) employed a modified version of the code MULTI (Carlsson 1986 ). We would not like to cast any shadow of doubt on the modification made by Korotin et al. (1999) . Extensive tests of Bergemann et al. (2012) for Fe iFe ii demonstrate very similar behaviour of departure coefficients computed with the codes MULTI (Carlsson 1986 ) and DETAIL (Butler & Giddings 1985) , when using common input data. Bergemann et al. (2012) noted: "Perhaps, the only systematic effect is that MULTI predicts slightly stronger NLTE effects than DETAIL mainly due to the differences in the background opacity." We performed test calculations for Al i with the code DETAIL by excluding the two sources from the background opacity, namely the lines of calcium and iron and quasimolecular hydrogen absorption as described by Doyle (1968) , and found larger departures from LTE compared with that for the standard opacity package (Fig. 4) and larger NLTE correction of ∆ NLTE = 0.33 dex for Al i 3961 Å.
Scandium to nickel and zinc. Abundances of the elements in the nuclear charge range between Z = 21 and 28 were reliably determined from lines of either two ionisation stages or the majority species of a given element. As in Paper V, we did not use the Mn i resonance lines to calculate the mean presented in Table 5 . In HE 2252−4225, the abundance difference between Mn i 4033 Å and the three Mn i subordinate lines amounts to −0.36 dex. It is worth noting that for each element X observed in HE 2252−4225 for two ionisation stages, the relative LTE abundances [X I/Fe I] and [X II/Fe II] are consistent with each other to within the error bars. We found that HE 2252−4225 is slightly deficient in the odd−Z elements Sc, V, Mn, and Co rel- Compared with the Lai2008 and Cayrel2004 stellar samples, HE 2252−4225 reveals similar element-to-iron abundance ratios for Cr, Mn, Ni, and Zn. However, HE 2252−4225 is slightly deficient in Sc, V, and Co relative to Fe, in contrast to stars of close metallicities in both VMP stellar samples.
We found that the element abundance pattern of HE 2252−4225 in the Na-Zn range (Fig. 3) resembles that of the VMP giant HE 2327−5642 (5050/2.34/−2.78), which was investigated in Paper V using the same methods as in this study. The star HE 2252−4225 has a significantly lower C abundance, presumably because it is a more evolved star compared with HE 2327−5642. The difference concerns with Ti, Mn, and Zn, which have higher abundances relative to Fe in HE 2252−4225 compared with HE 2327−5642.
On the basis of their Na to Zn abundances, HE 2252−4225 and HE 2327−5642 do not appear to be exceptional. Lai et al. (2008) fitted the average abundance pattern of their stellar sample to the entire library of single supernova (SN) yields, attempting to define a "typical" Population III star that has enriched the interstellar medium out of which the VMP stars formed. A fairly good fit was obtained for SN of 14.4 M ⊙ . In Fig. 3 , we compare the abundance patterns of HE 2252−4225 and HE 2327−5642 with the best fit model from Lai et al. (2008) and also the chemical evolution calculations of Kobayashi et al. (2011) . In general, the single SN model fits the observations well. The exceptions are Al, V, and Co, which are overproduced in the model, and Ti, which, in contrast, is underproduced. The observed underabundances of V and Co relative to Fe are reproduced well by the model of Kobayashi et al. (2011) .
Heavy elements: Sr to Th
We measured five light trans-iron elements with 38 ≤ Z ≤ 44, 14 elements in the region of the second r-process peak, osmium and iridium, which represent the third peak, and the actinide thorium. For the Pb abundance, we could only estimate an upper limit. Mashonkina & Christlieb (2014) showed an advantage of applying the NLTE approach when constraining a pure r-process Ba/Eu ratio from observations of the strongly r-process enhanced VMP stars. In this study, NLTE abundances were determined for five heavy elements: Sr, Ba, Eu, Pb, and Th. They are presented in Tables 5 and 3 (online material). The largest departures from LTE were found for Pb i 4057 Å. This can be understood, because Pb i represents a minor fraction of the element abundance, and its number density can easily deviate from the population in thermodynamic equilibrium, because of deviations in the mean intensity of ionising radiation from the Planck function. NLTE leads to overionisation of Pb i resulting in the weakened line and positive ∆ NLTE of 0.41 dex. Different NLTE mechanisms connected with the radiative bound-bound transitions are in action for Sr ii, Ba ii, Eu ii, and Th ii that represent a major fraction of their element abundances. The Sr ii resonance lines are strong, and they are weakly affected by departures from LTE. The barium abundance of HE 2252−4225 was determined from the three subordinate lines, Ba ii 5853, 6141, and 6497 Å, which are almost free of HFS effects. Our NLTE calculations for HE 2252−4225 showed that they are stronger than in the LTE case, resulting in a negative NLTE abundance correction of different magnitude for different lines, ∆ NLTE = −0.02 dex, −0.17 dex, and −0.23 dex, respectively. NLTE largely removes the difference in LTE abundances between different Ba ii lines, and the statistical error reduces to σ log ε = 0.04 dex. We calculated positive NLTE abundance corrections for the lines of Eu ii and Th ii, finding values close to +0.1 dex. All the elements from lanthanum to ytterbium are observed in the lines of their majority species, with term structures as complicated as that for Eu ii and Th ii, so the departures from LTE are expected to be similar to those for Eu ii and Th ii. This is largely true also for osmium and iridium detected in the lines of their neutrals, Os i and Ir i, which have relatively high ionisation energies of 8.44 and 8.97 eV, respectively. Fortunately, the abundance ratios among heavy elements except Ba are probably only weakly affected by departures from LTE. Indeed, the differences in mean abundance between Th and Eu are very similar in LTE and NLTE, −0.33 dex and −0.35 dex, respectively. For consistency, we used the abundances of the heavy elements beyond strontium as determined based on the LTE assumption.
The abundance analysis was based on line profile fitting. Figures 5 and 6 illustrate the quality of the fits for a few selected lines. For most chemical species, 2 to 19 spectral lines were employed, and nowhere does σ log ε exceed 0.11 dex. For Mo, Ru, Yb, and Os, the abundance was derived from a single line. Mo i 3864 Å, Yb ii 3694 Å, and Os i 4260 Å (Fig. 5, bottom right panel) were found to be free of blends in the spectrum of HE 2252−4225. Because of the high S /N ≃ 100 of the observed spectrum in the relevant wavelength range, the uncertainty in the derived abundances was estimated as 0.1 dex. The observed feature at 3728.0-3728.2 Å (Fig. 5 , top left panel) is attributed to a combination of the Ru i 3728.025 Å, Fe i 3728.044 Å, Nd ii 3728.126 Å, and two lines of Ce ii at 3728.019 and 3728.180 Å. For the blending lines, atomic data were taken from the VALD database (Kupka et al. 1999, hereafter, VALD) . Ignoring the Ce ii lines completely leads to a 0.1 dex higher ruthenium abundance. The uncertainty in Ru abundance grows, when considering a possible variation in the Nd and Fe abundances. We carefully estimate σ log ε = 0.2 dex for the Ru abundance obtained. The radioactive element thorium was clearly detected in HE 2252−4225 in the two lines, Th ii 4019 and 3741 Å (Fig. 6) . To determine the Th abundance as accurately as possible, we updated the list of lines contributing to the 4019 Å blend. The used lines, together with the sources of atomic data, are indicated in Table 6 . The second line, Th ii 3741.183 Å, is located between the strong Ti i 3741.059 Å (E exc /log g f = 0.02 eV/−0.21) and Sm ii 3741.276 Å (0.19 eV/−0.59) lines. Atomic data are indicated according to VALD. To fit the observed feature at 3741 Å in HE 2252−4225, we used a 0.6 dex lower g f -value of Ti i 3741 Å and log ε Sm = −0.88, which is only 0.02 dex higher than the obtained mean Sm abundance. The abundance derived from Th ii 3741 Å agrees to within 0.03 dex with that for Th ii 4019 Å. It would be of great interest to know the Pb abundance of HE 2252−4225, since Th and U decay to the stable element lead. In the visual spectra, lead can only be observed in the two lines of similar strengh, i.e. Pb i 3683 Å (E exc = 0.97 eV, log g f = −0.52) and 4057 Å (E exc = 1.32 eV, log g f = −0.17). However, the first line lies in a rather crowded spectral region, and most stellar Pb abundance analyses rely on using Pb i 4057 Å. In the spectrum of HE 2252−4225, there is a hint of a weak absorption feature at the Pb i 4057 Å line centre (Fig. 7) . However, the S /N is quite low (≃ 80), and we could only estimate an upper limit for the Pb abundance to be log ε LTE = −0.78 and log ε NLTE = −0.37.
Heavy-element abundance pattern of HE 2252−4225 and r-II stars
This study confirms that HE 2252−4225 is enhanced in the heavy elements beyond Ba relative to iron and solar ratios (Fig. 3 ). For seven elements (i.e. Eu, Gd, Tb, Dy, Ho, Er, and Tm), where there is an r-process contribution to the SS matter of more than 80 % according to the predictions of Bisterzo et al. (2014 , the average abundance ratio is For the abundance comparison, we choose the four r-II stars with the largest number of measured species in the Sr-Th region. These are CS 22892-052 ), CS 31082-001 (Siqueira Mello et al. 2013 , HE 1523-091 , and HE 1219-0312 (Hayek et al. 2009 ). For each of them, the heavy-element abundances have been scaled to match Eu-Tm in HE 2252−4225, and the scaled abundances have been averaged. The average abundances are plotted in Fig. 8 . The dispersion in the single star measurements around the mean does not exceed 0.1 dex for every investigated species except Th, indicating very similar abundance patterns of the r-II stars in the Sr-Ir region and a common origin of the first, second, and As proposed by Mashonkina et al. (2010) , a membership of a given r-process enhanced MP star to the r-II or r-I group could be connected to an origin of the neutron-capture elements, if a separation involved the criteria based on not only [Eu/Fe] and [Ba/Eu], but also [Sr/Eu]. For example, the well-studied stars HD 221170 (Ivans et al. 2006 ) and BD +17
• 3248 (Cowan et al. 2002) • 3248, respectively, are higher than for HE 2252−4225 (−0.94), and an origin of the first r-process peak elements in HD 221170 and BD +17
• 3248 remains unclear. In Fig. 8 , we also plot the scaled solar r-process residuals calculated by subtracting theoretical s-process yields from the observed SS total abundance. For the latter, we rely on the meteoritic abundances of Lodders et al. (2009) . For the solar s-abundances, we consider the s-process predictions of Arlandini et al. (1999, stellar model; hereafter, Arlandini1999) and Bisterzo et al. (2014) . Arlandini1999 used stellar AGB models of 1.5 and 3 M ⊙ with half solar metallicity. Bisterzo2014 performed the Galactic chemical evolution (GCE) calculations that considered the s-process contributions from different generations of AGB stars of various mass. Hereafter, the solar rresiduals are referred to as the solar system r-process (SSr) abun- dance pattern. A notable difference between two sets of the solar r-residuals was obtained for all elements with dominant sprocess contribution to their solar abundances. For example for Sr, Y, and Zr, Arlandini1999 predicted a main s-process contribution of 85, 92, and 83 %, respectively, while the corresponding numbers in Bisterzo2014 are 69, 72, and 66%. The elements in the range from La to Yb and also the third r-process peak elements Os and Ir in HE 2252−4225 were found to match the solar r-process pattern very well, with a mean difference of ∆ log ε = log ε HE 2252−4225 − SSr = 0.03 ± 0.07 and 0.05 ± 0.08 for the solar r-abundances of Arlandini1999 and Bisterzo2014, respectively. This finding is in line with the earlier results obtained for other r-process rich stars (for a review, see Sneden et al. 2008 ) and provides additional evidence of universal production ratio of these elements during the Galactic history. As for Ba, it does matter whether its stellar abundance and also abundances of the r-process elements are determined in LTE or NLTE. The difference between the barium LTE abundance of HE 2252−4225 and the scaled solar r-abundance amounts to 0.17 dex and 0.24 dex for the data of Arlandini1999 and Bisterzo2014, respectively. Our calculations show that NLTE leads to a 0.15 dex lower Ba, but 0.10 dex higher Eu abundance of HE 2252−4225 and, thus, removes the difference in Ba abundance between HE 2252−4225 and SSr of Bisterzo2014, when assuming the NLTE corrections for Gd-Tm abundances to be similar to those for Eu.
Thorium in r-process enhanced stars
It would be rather challenging to determine the stellar age of HE 2252−4225 by comparing the observed Th-to-stable neutron-capture element-abundance ratios with the corresponding initial values at the time when the star was born, log(Th/X) 0 : τ = 46.7 Gyr log(Th/X) 0 − log(Th/X) obs .
For HE 2252−4225, the ratio log(Th/Eu) obs = −0.33 (LTE) or −0.35 (NLTE) deviates by only a little, 0.01 or 0.03 dex, from the solar r-residual ratio log(Th/Eu) 0 = −0.32 (Bisterzo2014), resulting in too low an age of τ < 1.5 Gyr. Since the Sun is approximately 4.5 Gyr old, a corresponding correction of +0.1 dex accounting for the thorium radioactive decay was introduced to the solar current thorium abundance. To be as old as the galactic halo VMP stars, HE 2252−4225 should have an approximately 0.3 dex lower Th abundance. Figure 6 displays the effect of a variation in Th abundance on the synthetic spectrum of Th ii 4019 Å and Th ii 3741 Å. It is evident that the stellar Th abundance cannot be significantly lower than log ε Th = −1.63. The observational error represented by the dispersion in the measurements of multiple lines around the mean amounts to σ log ε = 0.02 dex for Th/Eu of HE 2252−4225. The systematic errors linked to our choice of stellar parameters have a common sign and very similar magnitudes for lines of Eu ii and Th ii, i.e. 0.08 dex and 0.09 dex, respectively. Thus, the total uncertainty in Th/Eu is small, and it is translated to an uncertainty of less than 1.5 Gyr for the age of HE 2252−4225.
Application of the above formula to the Th/X pairs involving other r-process elements leads to τ = 1.9 to 3.3 Gyr for Gd, Ho, Er, and Os, τ = 7.0 and 7.9 Gyr for Dy and Ir, and negative age for Tb and Tm. It is clear that Th does appear to be enhanced in HE 2252−4225 to a higher level than observed for elements of the second and third r-process peaks, and HE 2252−4225 belongs to the group of the so-called actinide boost stars.
The first discovered star with an anomalously high Th/Eu abundance ratio of log(Th/Eu) = −0.22 was CS 31082-001 (Hill et al. 2002) . Roederer et al. (2009) revised Eu and Th abundances of 15 MP stars that reveal pure r-process neutron-capture elements. 13.772 ± 0.059 Gyr (Bennett et al. 2013 ) derived from the updated results of the Wilkinson Microwave Anisotropy Probe (WMAP). For example, τ = 14.9 ± 6.5 Gyr was calculated for CS 22892-052 with log(Th/Eu) = −0.64. The remaining six stars, namely, CS 31082-001, CS 30306-132 (discovered by Honda et al. 2004) , CS 31078-018 (Lai et al. 2008) , HE 1219-0312 (Hayek et al. 2009 ), CS 30315-029 (Siqueira-Mello et al. 2014), and HE 2252−4225, exhibit an actinide boost, and their ages cannot be derived when only a single radioactive element Th is detected. Indeed, a negative age of τ = −4.7 Gyr is calculated for CS 31082-001, when using the Th/Eu abundance ratio. This implies that thorium in the actinide boost stars was overproduced compared with the normal Th/Eu stars and the SS matter. Only the detection of the second actinide, uranium, made possible an estimation of the stellar age of CS 31082-001 through analysis of U/Th; i.e., τ = 12.5 ± 3 Gyr was first obtained by Cayrel et al. (2001) , and the revised value is τ = 14.0 ± 2.4 Gyr (Hill et al. 2002) . This provided solid evidence that different rprocess nucleosynthesis events may produce significantly different yields in the actinide region (Z ≥ 90). To find out whether variations in progenitor mass or explosion energy, or other intrinsic and environmental factors, or all of these, influence the r-process yields for the heaviest elements, more measurements of Th and U abundances in stars should be done.
Conclusions
We revised the stellar parameters and performed a detailed abundance analysis of the VMP giant HE 2252−4225 using high-quality VLT/UVES spectra and refined theoretical methods of line-formation modelling. The effective temperature, T eff = 4710 K, previously derived in Paper II was confirmed through analysis of the Hα and Hβ line wings in HE 2252−4225. The surface gravity, log g = 1.65, the iron abundance, [Fe/H] = −2.63, and the microturbulence velocity, ξ t = 1.7 km s −1 , were calculated from the NLTE ionisation balance between Fe i and Fe ii.
Accurate abundances for a total of 38 elements from C to Th were determined in HE 2252−4225. For each chemical species, the dispersion in the single line measurements around the mean does not exceed 0.12 dex. The investigated star was found to be deficient in carbon, as expected for a giant star with T eff < 4800 K. The elements in the range from Na to Zn reveal a typical behaviour of the galactic halo VMP stars. The Na-Zn abundance pattern of HE 2252−4225 is well fitted by the yields of a single supernova of 14.4 M ⊙ , similar to the Lai et al. (2008) stellar sample.
We confirmed that HE 2252−4225 is r-process enhanced, having [r/Fe] = 0.80 ± 0.06. The investigated star and four benchmark r-II stars; i.e., CS 22892-052 ), CS 31082-001 (Siqueira Mello et al. 2013 , HE 1219-0312 (Hayek et al. 2009 ), and HE 1523 -091 (Sneden et al. 2008 have very similar abundance patterns of the elements in the range from Sr to Ir. Hence, neutron-capture elements beyond Sr and up to Ir in HE 2252−4225 have a common origin in the classical main r-process. Applying the third criterion, [Sr/Eu] < −0.8 (Mashonkina et al. 2010) , in addition to the two, [Eu/Fe] > +1 and [Ba/Eu] < 0, as suggested by Christlieb et al. (2004) , makes membership to r-II stars have a physical sense related to an origin of the neutron-capture elements in the star; i.e., an r-II star can be defined as a star having neutron-capture elements originating in a single r-process.
We tested the solar r-process pattern based on recent sprocess calculations of Bisterzo et al. (2014) and found that the elements in the range from Ba to Ir in HE 2252−4225 match it very well. No firm conclusion can be drawn about the relationship between the first neutron-capture peak elements, Sr to Ru, in HE 2252−4225 and the solar r-process, owing to the uncertainty in the solar r-process.
The star HE 2252−4225 has an anomalously high Th/Eu abundance ratio, so that radioactive age dating results in a stellar age of τ = 1.5±1.5 Gyr that is not expected for a very metal-poor halo star. This is the sixth star in the group of actinide boost stars. Understanding the mechanisms resulting in different yields in the actinide region from different r-process events is a challenge for nucleosynthesis theory and requires studying larger samples of r-I and r-II stars. Table 3 . Line data and abundances from an analysis of HE 2252−4225. Γ 6 corresponds to 10 000 K. Column 6 gives references to the adopted g f -values. Column 13 gives references to the sources of the used IS and HFS data and adopted Γ 6 -values. 
